Abstract-The aim of this study was to investigate the relationship between individual electroencephalogram (EEG) characteristics in the resting state and the level of nonverbal intelligence. The study involved 77 students of Demidov Yaroslavl State University. Analysis of the relationship between IQ and spectral parameters of EEG theta, alpha, and two subbands of beta oscillations revealed that the amplitude and power of alphaband EEG oscillations and low frequency beta-band EEG oscillations were positively correlated with the performance in the nonverbal intelligence test. The variety of brain periodic regimes was assessed using the correlation dimension (CD) of EEG. The correlation dimension can be used to quantify the degree of complexity of the nonlinear dynamical system. It was found that the value of the EEG correlation dimension was positively associated with the level of intelligence. The periodicity of the EEG signal was studied using autocorrelation analysis. It was shown that the autocorrelogram duration was negatively associated with IQ and the autocorrelogram amplitude was positively associated with IQ. A regression equation for predicting the level of nonverbal intelligence based on the power of theta-and beta-band oscillations, alpha-band oscillation indexes, and the amplitude and autocorrelation characteristics of the EEG signal was obtained.
INTRODUCTION
Currently, one of the most urgent problems of psychophysiology is the search for objective criteria of successful cognitive activity, including intelligence. Starting with the works of Charles Spearman, psychologists of the British school of intelligence research suggest that there is a common factor that affects the success of passing the majority of ability tests. Charles Spearman coined it the general factor, or "factor G"; R. Cattell called it "fluent intelligence." Today, the concept of intelligence of H. Eysenck is the most developed in our opinion. According to this concept, the most fundamental aspect of intelligence, which is the physiological basis of cognitive behavior, has been named the biological intelligence [1] .
In contrast to social and psychometric intelligence, biological intelligence depends little on the influence of the environment, and mainly relates to genetically determined capabilities. It is logical to assume that if there is biological intelligence, it is somehow linked to features of the structure or functioning of the brain. Therefore, one of the most important problems of physiology and psychophysiology is to determine the characteristics of functioning of the brain that determine a certain level of intelligence. A number of studies have shown that individual characteristics of the electroencephalogram (EEG) are largely genetically determined and can be used to study cognitive abilities [2] .
Despite the large number of publications that reflect the relationship of cognitive processes and features of brain electrical activity, the question of the clear electrophysiological biomarkers of intelligence is far from being solved.
Firstly, difficulties in the results interpretation caused by using different cognitive tests. Features of the brain electrical activity have different effects on different test activities [3] . Therefore, in this study, we have used the free of the culture influence test, which does not require any math skills or access to long-term memory.
Secondly, the majority of studies communications the level of intelligence with features of the brain electrical activity affect only the spectral EEG characteristics [4] [5] [6] [7] . However, the spectral characteristics do not give information about the periodicity of EEG, signal complexity and temporal dynamic. It have shown that in addition to the regular structure components of the EEG, it is possible to identify the chaotic component that is not noise and reflects the complexity of the electrical activity of the brain. It PHYSIOLOGY can be studied by methods of nonlinear dynamics, including the correlation dimension of reconstructed EEG attractor [8] .
Current studies have indicated that the spontanious activity of the brain largely determines its eventrelated activity [9] . Therefore, in this research, we have study the electrical activity of the brain in a state of quiet wakefulness.
The aim of this study was to investigate the relationship between individual EEG characteristics and the level of intelligence. We have applied both linear and non-linear analysis methods for complex studying of electroencephalogram, and have related features of the spontanious electrical activity and the success of intelligence test solution.
MATERIALS AND METHODS
The study involved 77 male and female individuals aged from 19 to 26 years. All subjects were students of Demidov Yaroslavl State University and gave their written informed consent to participate in the study. EEG recording was carried out in a resting state with eyes closed. We used unipolar leads with an ipsilateral reference ear electrode (A1, A2). Eight pairs of active electrodes were arranged in accordance with the 10-20 international system in the anterior frontal polar (Fp1, Fp2), frontal (F3, F4), lower frontal (F7, F8), central (C3, C4), parietal (P3, P4), occipital (O1, O2), temporal (T3, T4), and posterior temporal (T5, T6) leads. Recording was carried out using the NeuronSpectrum-4/ERP research complex (Neurosoft, Russia). Sampling frequency was 500 Hz, bandwidth from 0.5 to 35 Hz. Impedance of the electrodes did not exceed 20 kΩ. After removal of artifacts based on visual analysis, recording was subjected to four types of analysis: spectral, amplitude, autocorrelation, and computation of correlation dimension of EEG. The first three types of analysis were implemented using the Neuron-Spectrum.NET software (Neurosoft, Russia). Twenty periods lasting 5 seconds were selected for analysis. Spectral and amplitude analysis was carried out in the following frequency bands of EEG: theta wave (4-8 Hz), alpha wave (8-14 Hz), low-frequency beta wave (14-20 Hz), and high-frequency beta wave (20-35 Hz). In addition to the amplitudes analysis of certain rhythmic components we evaluated the overall amplitude of the EEG signal. Autocorrelation analysis was carried out in 500 ms intervals. The correlation dimension is a quantitative feature of the attractor of the nonlinear dynamical system, which provides information about the degree of complexity of its behavior. The correlation dimension of EEG indirectly characterizes a variety of periodic brain regimes. It was calculated using the software developed at Yaroslavl State University based on the Grassberger-Procaccia algorithm [10] . The correlation dimension of the reconstructed EEG attractor was calculated using 40 000 samples (1 min 20 s of net recording). This signal segment contained 800 periods lasting 122 ms.
Nonverbal intelligence was estimated using the Domino test. The basic element of all test problems is an image of domino pieces arranged according to different patterns. One of the pieces (the last in the series) is "empty" and is indicated by a dotted outline. A test subject is expected to identify the principle according to which the pieces are arranged and determine a piece that should be put into place indicated by a dotted line. The Domino test refers to intelligence tests free from the influence of culture and does not require arithmetic abilities. The normality of the distribution was checked using the Shapiro-Wilk test. It was considered that the data follow the normal distribution, with p > 0.05.
We used factor analysis to reduce the amount of data being analyzed, as well as to study their structure. Subsequent analysis was carried out with the data for which the main factor was explaining more than 66% of the variance of values. Data reduction was carried out for each lead, and then across the entire EEG range under study.
The association between the parameters was estimated by Pearson's correlation coefficient. The significance level was taken to be p < 0.05.
A model for predicting the intelligence level was established using multiple regression analysis with backward stepwise selection. The significance level of the coefficients in the equation was p < 0.05. The coefficient of multiple correlation and the coefficient of determination were calculated.
The adequacy of the regression model was checked by constructing the ROC-curve (receiver operating characteristic). This chart makes it possible to evaluate the accuracy of binary classification. It shows the dependence of the number of true positive cases on the number of false negative cases. The quality of the regression model can be estimated on the basis of the area under the ROC-curve (area under curve, AUC): the larger the area, the better the predictive ability of the model. Construction of the ROC-curve, calculation of the area under the curve, and sensitivity and specificity of the model were carried out in the MedCalc Statistical program.
RESULTS AND DISCUSSION
Of the 77 subjects we studied, 15 had above-average intelligence (>110 points in the Domino test, according to the manual for the test) and one individual had intelligence below average (<90 points). The average IQ score in the sample was 104 ± 7.
Qualitative assessment of the EEG signal power spectra revealed the following pattern. In all the subjects having nonverbal intelligence above the average, alpha-band oscillation in EEG was well marked, and the power spectrum was most often characterized by bimodal or multimodal occipital and parietal alphaband oscillation. Such spectra were detected in 11 of 15 examined individuals, and only four subjects were observed to have monomodal alpha rhythm. Subjects with the average level of intelligence did not reveal the predominance of a certain type of alpha-wave spectra. Thus, based on qualitative analysis, one can suggest association between the diversity of rhythm generators in the alpha band of EEG and IQ.
When analyzing the level of intelligence with spectral EEG parameters, we found that IQ was related to the amplitude, power, and index of the EEG alpha rhythm in the occipital (O1, O2), parietal (P3, P4), central (C3, C4), temporal (T3, T4) and left posterior temporal (T5) leads. Significant correlation coefficients ranged from +0.25 to +0.33 (Fig. 1) .
Similar results were obtained for the low-frequency beta rhythm (14-20 Hz). Its amplitude and power were positively associated with IQ in the occipital (O1, O2), parietal (P3, P4), central (C3, C4), the left frontal (F3), and the left posterior temporal (T5) leads (Fig. 2) . The correlation coefficients ranged from +0.25 to +0.36.
In both the cases, the maximum value of the correlation coefficient was observed in the central and parietal leads, where the association value for the right hemisphere was lower than for the left.
Nonlinear analysis of EEG found positive association between the level of intelligence and a variety of periodic brain regimes in the left prefrontal and right frontal leads. Pearson's coefficient of correlation between the results of the Domino test and the correlation dimension of EEG was +0.23 in both the cases. Thus, the more "complex" was the EEG signal pattern in frontal and prefrontal leads, the higher was the intelligence level of the tested subjects.
Positive association between the level of intelligence and the amplitude of the autocorrelation function graph was observed in the left frontal, central, parietal and temporal leads (Figs. 3a, 3b) . The amplitude of the autocorrelation function as a whole can characterize the degree of similarity of the EEG segment with the portion of the same record shifted by a certain time interval. We have also shown negative correlation of the time of the first crossing with zero ( Fig. 3) and the maximum range of the autocorrelation function with the intelligence level. These parameters characterize the decay time of the autocorrelation function and, therefore, the stability of the periodicity. The periodicity on the autocorrelogram fades more rapidly, the more the process differs from a true periodic one. More regular was the alpha rhythm of EEG at short time intervals and the more varied was the EEG signal dynamics of the subject, the higher was the level of intelligence of the surveyed students. We anticipate that this EEG structure reflects the modulation of the alpha rhythm in the spindle.
Significant coefficients of IQ correlation with all of the above-described EEG parameters were within the range from +0.23 to +0.36. Consequently, each of the described parameters can individually explain only approximately 10% of the variance of the studied trait. Therefore, for more complete characterization of (1)
where a is the power of theta rhythm in lead F4, b is the index of alpha rhythm in lead C4, c is the index of alpha rhythm in lead T4, d is the power of high-frequency beta rhythm in lead T6, e is the maximum amplitude of the EEG signal in lead P3, and f is the maximum range of the autocorrelation function in lead C3.
The level of significance of the equation is p < 0.00002.
The predicted level of intelligence is positively affected by the EEG amplitude in the right parietal lead, reduction of the alpha-rhythm index gradient from the right central to the temporal lead, and the amplitude of the EEG autocorrelogram in the left central lead. The expression of theta rhythm in the right frontal lead and the power of the high-frequency component of beta rhythm in the right posterior temporal lead in the background EEG of the subject are negatively associated with the level of intelligence.
We checked how well the model can divide the subjects into two groups: subjects with average intelligence and above-average intelligence. , that is, when the model predicts IQ equal to 107, these subjects should be included in a group with above-average intelligence. The sensitivity was 80 and the specificity 84.
The sensitivity of the model shows how well it can identify individuals with high intelligence. However, a too sensitive model will refer to the group of gifted subjects even those who are not. The specificity of the model is characterized by its ability to identify individuals who do not have high intelligence. In this case, the sensitivity and specificity are balanced and high enough. One of the variables of the equation that makes it possible to predict the level of intelligence is the maximum amplitude of the EEG signal. The more it was, the greater was IQ of the subject. The EEG total amplitude depends on both the number of EEG neural oscillators and their phase synchronization [5] . Taking into account modern hypotheses that the temporal and spatial structures of the background activity of the brain determine its induced activity [9] , it can be assumed that a high level of synchronization of neuronal populations in a resting state best prepares them for perception and processing of information in an active state. However, the frequency of synchronization of neuronal activity has a significant impact on the level of intelligence.
The obtained findings of a positive association of parameters of alpha rhythm and low-frequency beta rhythm with the intelligence level are consistent with the literature data that the expression of the rhythmic component with a frequency of 8-13 Hz in the background EEG is positively associated with the performance in cognitive problems [7, 11] . The literature shows that the rhythmic activity in the lower alpha range is associated with the attention function, while high-frequency alpha rhythm reflects the ability to process semantic information [12] . Therefore, the shift of the background electrical activity of the brain towards slower rhythms is accompanied by a decrease in cognitive activity productivity [13] . According to the literature the high frequency alpha rhythm and the low frequency beta rhythm have similar corticosubcortical generators and reflect the operation of the system "thalamus-insula-cingulate" [14] . It can be assumed that high frequency alpha activity is functionally similar low frequency beta activity. Since the process of solving the Domino test demanded conscious processing of incoming information, it can be concluded that EEG of gifted subjects should be characterized by expressed electrical activity in the ranges of high-frequency alpha rhythm and low-frequency beta rhythm.
At the same time, IQ increased as the expression of theta rhythm and high-frequency beta rhythm in EEG was decreasing. High-frequency beta rhythm is more typical for the active state and is in reciprocal relations with alpha rhythm. Therefore, the fact that the background EEG contains high-frequency beta rhythm indicates a lack of synchronization and neuronal ensembles. The negative association of the intelligence level with the expression of theta rhythm can be explained from the standpoint of restrictions that theta rhythm imposes on attention processes. It is found that, in contrast to healthy subjects, adolescents suffering from attention deficit disorder are characterized by an increased expression of theta rhythm in the frontal leads, mostly from the left side [15] . Our data on the reverse influence of alpha and theta rhythms on the intelligence level are confirmed by the data presented in the literature [16] .
In this study, to assess the intelligence level, we needed to find such measured values that would characterize system processes in the brain. For this purpose, we used the correlation dimension of the reconstructed attractor of EEG. According to the literature, this value makes it possible to estimate how general is the nature of processes in the brain or how variable its functioning is [17] . We have demonstrated a positive relationship between the magnitude of the correlation dimension and the level of intelligence. One can come to the conclusion that the degree of the correlation dimension can serve as a direct indicator of the level of intelligence, since it reflects the lability of the brain neurodynamics. Data of autocorrelation analysis showed that the higher the intelligence of subjects, the more different the electrical activity of the brain from a truly periodic one. In general, based on the analysis of association of IQ and EEG power spectra with the correlation dimension and autocorrelation characteristics, one can assume that the EEG signal of intellectually gifted subjects must have a complex time structure.
Thus, it is shown that the amplitude and power of alpha and low-frequency beta rhythms of EEG are positively associated with intelligence, as well as the correlation dimension of EEG in frontal leads. The amplitude of the EEG autocorrelogram is positively associated with the level of nonverbal intelligence of the subject and the duration of the EEG autocorrelogram is negatively associated with IQ. The regression equation for predicting the level of nonverbal intelligence based on the power of theta and beta rhythms, alpha rhythm indexes, and amplitude and autocorrelation characteristics of the EEG signal was obtained.
